RCAS avian viruses have been used to deliver oncogene expression and induce tumors in transgenic mice expressing the virus receptor TVA. Here we report the generation and characterization of a novel RCAS-Cre-IRES-PyMT (RCI-PyMT) virus designed to specifically knockout genes of interest in tumors generated in appropriate mutant mouse hosts. FGF receptor 1 (FGFR1) is a gene that is amplified in human breast cancer, but there have been no definitive studies on its function in mammary tumorigenesis, progression, and metastasis in vivo in spontaneous tumors in mice. We used the retroviral tumor knockout, or TuKO, strategy to delete fgfr1 in PyMTinduced mammary tumors in K19-tva/fgfr1 loxP/loxP mice. The similarly injected control K19-tva mice developed mammary tumors exhibiting high metastasis to lung, making this an ideal model for breast cancer metastasis. The fgfr1 TuKO tumors showed significantly decreased primary tumor growth and, most importantly, greatly reduced metastasis to lung. In contrast to previous reports, FGFR1 action in this spontaneous mammary tumor model does not significantly induce epithelial-to-mesenchymal transition. Loss of FGFR1 does generate a gene signature that is reverse correlated with FGFR1 gene amplification and/or upregulation in human breast cancer. Our results suggest that FGFR1 signaling is a key pathway driving breast cancer lung metastasis and that targeting FGFR1 in breast cancer is an exciting approach to inhibit metastasis.
Introduction
The fibroblast growth factor receptor family consists of four members: FGFR1 to 4. FGFR1 is emerging as a therapeutic target for breast cancer (BCa). FGFR1 was initially identified as a potential druggable therapeutic target for BCa in an unbiased genomic and transcriptional aberration screening [1] . FGFR1 amplification was detected in a subset of BCa and is an independent predictor of overall survival [2] . The induced activation of an engineered FGFR1 in mammary luminal epithelial cells leads to alveolar hyperplasia and invasive lesions in vivo [3] and epithelial-to-mesenchymal transition (EMT) and invasive behavior in 3D culture in vitro [4] . Targeting FGFRs using a pan-FGFR inhibitor in mouse mammary tumor cell lines highly expressing FGFR2 inhibited xenograft growth and metastasis [5] . Finally, a recent study revealed that human breast cancers with high-level clonal amplification of FGFR2 are highly sensitive to FGFR inhibition [6] . However, it remains unknown how specifically abolishing FGFR1 signaling could affect spontaneous mammary tumorigenesis, progression, and metastasis.
The avian retroviral-based gene expression vector RCAS is designed to deliver foreign genes into transgenic mouse lines expressing the virus receptor TVA. Mammary tumors can be induced in the MMTV-tva mice by injection of RCAS-PyMT virus into mammary gland via the nipple duct [7] . These mammary tumors recapitulate many features of human breast cancer but seldom metastasize to lung [7] .
Here we report the generation of the RCAS-Cre-IRES-PyMT (RCI-PyMT) viruses. When injected into transgenic mice expressing TVA, these allow the simultaneous expression of Cre to knock out the loxP flanked target gene along with the PyMT oncogene to induce tumorigenesis. Injection of RCI-PyMT viruses into the mammary gland of K19-tva mice [8] induces mammary tumor growth with metastasis to lung at high frequency. Knockout of fgfr1 in this model significantly inhibits mammary tumor growth; prolongs host mice survival; and, most importantly, strongly decreases metastasis to lung.
Materials and Methods

Plasmids
The pZ/EG plasmid was kindly provided by Dr. Lobe [9] . To generate the RCAS-Cre-IRES-PyMT (RCI-PyMT) vector, the IRES fragment was PCR amplified from the pBMN-I-eGFP vector [10] using forward primer 5′ ATAAGAATGCGGCCGCTACGTAAAT TCCGCCCCTC 3′ carrying the NotI restriction site and reverse primer 5′ CCTTAATTAAGTTGTGGCCATATTATCATCG 3′ carrying the PacI restriction site, and cloned into the RCAS-Y vector between NotI and PacI restriction sites. This produced the RCAS-IRES vector. The Cre cDNA was PCR amplified from the HRMMPCreGFP vector [10] using forward primer 5′ ATAAGA ATGCGGCCGCCACCATGTCCAATTTACTGACCGTACA 3′ and reverse primer 5′ ATAAGAATGCGGCCGCTAATCGCCAT CTTCCAGC 3′ that both carry NotI restriction site, and cloned into the RCAS-IRES vector using NotI site. This produced the RCAS-Cre-IRES vector. Finally, the C-terminally HA tagged PyMT cDNA was PCR amplified from the RCAS-Y vector using forward primer 5′ CCTTAATTAAGCCACCATGGATAGAGTTC TGAGCAGAG 3′ and reverse primer 5′ CCTTAATTAACTAA GCGTAATCTGGAACATCGTATGGGTAGAAATGCCGG GAACGT 3′ that both carry PacI restriction sites, and cloned into the RCAS-Cre-IRES vector using PacI restriction site. This produced the RCAS-Cre-IRES-PyMT (RCI-PyMT) vector. The sequence and/or orientation of each element was verified by Sanger sequencing.
Animals
FVB mice were purchased from Harlan Laboratories. The fgfr1 loxP/loxP mice (in ICR background) were kind gifts from Dr. Juha Partanen [11] and have been backcrossed into FVB background as previously described [12] . K19-tva mice were provided by Dr. Brian Lewis [8] .
All experiments were carried out in compliance with the NIH Guide for the Care and Use of Laboratory Animals and according to Baylor College of Medicine institutional guidelines and IACUC approval.
Generation of the DF1-Z/EG Reporter Cell Line
The DF-1 chicken fibroblast cells [13] were cultured in DMEM supplemented with 10% FBS (Invitrogen). To create a reporter cell line for titration of RCAS viruses expressing Cre, including the RCI-PyMT viruses here, DF-1 cells were transfected with the pZ/EG vector and selected for resistance to G418. The resulted stable cell line was named DF1-Z/EG. As described in Figure 1 , these DF1-Z/EG cells only express an enhanced GFP after infection with Cre-expressing viruses including RCI-PyMT.
Virus Production, Titration, and Delivery to Mammary Gland
To produce viruses, DF-1 cells were transfected with the RCI-PyMT vector using Lipofectamine 2000 transfection reagent (Invitrogen). Viruses in the supernatant were concentrated 100-fold and frozen in aliquots for virus titer determination and injection of mouse as previously described [7] .
The titers of the RCI-PyMT viruses were determined by limiting dilution on the DF1-Z/EG reporter cells. GFP+ signal indicates virus infection. Due to virus self-propagation after infecting the DF1-Z/EG reporter cells, the GFP signal increases over time during inoculation. Finally, viruses can also be collected from these viruses-infected DF1-Z/EG cells.
To infect mammary glands, female TVA transgenic mice at 12 to 16 weeks of age were anesthetized and intraductally injected with 10 μl of the RCI-PyMT viruses together with 0.1% bromophenol blue as tracking dye following a previously described protocol [7] . The 12to 16-week-old animals are used here to facilitate the identification and manipulation of the nipple ducts. Three mammary glands per mouse were injected.
Genomic DNA PCR fgfr1 loxP , fgfr1 wt , fgfr1 KO allele, and K19-tva alleles were PCR screened and identified as previously described [8, 12] . PCR for β-casein using primers 5′ GATGTGCTCCAGGCTAAAGTT 3'and 5′ AGAAACGGAATGTTGTGGAGT 3′ was used as positive control for genomic DNA quality. PCR was done using genomic DNA from mouse tails and/or tumors.
Histology and Immunohistochemistry
Tissues were fixed in 4% paraformaldehyde and paraffin embedded. Sections (5 μm) were mounted onto slides for H&E staining and/or immunohistochemistry. Immunostaining were performed following a general protocol published previously [14] . Antigen retrieval consisted of boiling slides in 10 mM Tris, 1 mM EDTA, and 0.05% Tween 20 (pH 9.0) for 20 minutes in a microwave was used for immunofluorescence staining for E-cadherin (#3195, Cell Signaling Technology).
Western Blot
Protein samples were prepared in RIPA buffer (100 mM NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCl pH 8.0, 1% Triton X-100 with 100× protease inhibitors cocktail solution from GenDEPOT and the phosphatase inhibitors 10 mM of NaF and 20 mM of Na 3 VO 4 ) and applied a brief sonication. Protein concentration was measured using the BCA protein assay kit (Piece). Equal amount (5-20 μg) of protein was used in the Western blot analysis. Antibodies used are anti-FGFR1 (#9740), anti-E-cadherin (#3195, Cell Signaling Technology), and anti-β-actin (#A5316, Sigma).
Microarray Analysis
Microarray analysis was performed using the SurePrint G3 Mouse Gene Expression v2 8 × 60 K Microarray chip (Agilent Technologies). The Feature Extraction Software v9.1.3.1 (Agilent Technologies) was used to extract and analyze the signals. The microarray data were processed using bioconductor (loess normalization). Fold changes and t tests for each gene were computed using logtransformed values. Array data have been deposited into the Gene Expression Omnibus (GSE85754). Gene signature scoring of human breast tumor expression profiles from TCGA was carried out as previously described [15, 16] , with PAM50 subtype calls as previously provided [17] . The signature t score was defined as the two-sided t statistic comparing, within each tumor profile, the average of the "signature up" genes with the average of the "signature down" genes (e.g., the t score for a given tumor being high when both the "up" genes in the signature were high and the "down" genes were low). High-level gene amplification of FGFR1 in human tumors was inferred using the "thresholded" copy alteration calls of +2 as provided by Broad Firehose pipeline (http://gdac.broadinstitute.org/).
Statistics
Average tumor weight was compared between groups for statistical relevance using the unpaired Student's t test. The numbers of metastasis were compared using both the unpaired Student's t test and the Mann-Whitney test. The difference of mouse survival was analyzed using both the log-rank test and the Gehan-Breslow-Wilcoxon test. Statistical analyses were generated using Graphpad Prism 5.0 (GraphPad Software). P b .05 is considered statistically significant.
Results
Design and Generation of the RCAS-Cre-IRES-PyMT Viruses
The RCAS-PyMT viruses have been used to induce mammary tumor growth; however, unlike the MMTV-PyMT transgenic model, these virus-induced mammary tumors rarely metastasize to lung [7] .
To create a new RCAS-TVA-based model that allows manipulation of the host cell genome in tumors, we designed an RCAS-Cre-IRES-PyMT (RCI-PyMT) viral construct. This expresses Cre and the PyMT oncogene in a single mRNA. Cre protein expression is driven by 5′ cap translation, whereas PyMT oncogene protein expression will be driven by the weaker IRES-mediated translation. This will drive efficient Cre expression in PyMT-induced tumor cells ( Figure 1A ). When these RCI-PyMT viruses are injected into the experimental K19-tva/fgfr1 loxP/loxP mice and the control K19-tva mice used in this study (as described below, Figure 2A ), Cre expression is expected to efficiently knock out fgfr1 in PyMT oncogene-induced mammary tumor cells in the targeted strain.
The Generation of a Reporter Cell Line and the Titration of the RCAS-Cre-IRES-PyMT Viruses
The pZ/EG vector has been used to create the Z/EG double reporter mouse line, which expresses an enhanced GFP after Cre-mediated delection of the LacZ expression cassette [9] . To titrate RCI-PyMT viruses, we created a stable DF1-Z/EG reporter cell line by transfection of the pZ/EG vector into avian DF-1 cells. As illustrated in Figure 1B , these reporter cells turn on eGFP expression upon infection with Cre-expressing viruses.
Using these cells, we confirmed the production of high-titer (N10 10 ) RCI-PyMT viruses ( Figure 1C ). Due to self-propagation of the RCI-PyMT viruses from the infected DF1-Z/EG cells, these newly produced viruses will continuously infect the DF1-Z/EG cells to produce more GFP+ cells. As a result, this titration method provides extremely high sensitivity, whereas the population of GFP+ cells may not proportionally reflect virus titer/concentration.
Conditional Ablation of fgfr1 in PyMT Oncogene-Induced Mammary Tumor Model
To determine how conditional ablation of fgfr1 affects mammary tumor progression and metastasis, fgfr1 loxP/loxP mice [11, 12] and the K19-tva mice [8] expressing avian virus receptor TVA in the cytokeratin 19-positive epithelial cells were crossed to produce K19-tva/fgfr1 loxP/wt mice. These mice were then crossed with the fgfr1 loxP/loxP mice to produce the target K19-tva/fgfr1 loxP/loxP mice. K19-tva mice were used as control. We performed injections of the RCI-PyMT viruses into the nipple ducts of these mice at 12 to 16 weeks of age to infect mammary epithelial cells. As illustrated in Figure 2A , this produces tumor-specific knockout (TuKO) of fgfr1 in the K19-tva/fgfr1 loxP/loxP mice, whereas FGFR1 remains intact in tumors in the control K19-tva mice. PCR amplification of the fgfr1 KO -specific alleles confirmed knockout of fgfr1 in the TuKO tumors but not in the control (Figure 2B ).
To determine FGFR1 expression status in these RCI-PyMTinduced mammary tumors, we isolated total protein from the collected tumors and performed Western blots. FGFR1 is expressed at various levels in most of the control mammary tumors, and its expression is diminished in the experimental fgfr1 TuKO tumors ( Figure 2C ). Therefore, by using this newly designed RCI-PyMT/ K19-tva/fgfr1 loxP/loxP gene delivery system, we efficiently knocked out fgfr1 in PyMT-induced mammary tumors.
fgfr1 Ablation Inhibits Mammary Tumor Progression and Prolongs Host Survival
The mice injected with RCI-PyMT viruses were evaluated for tumor progression and time to death. We observed that a small population of mice either did not develop mammary tumors (data not shown) or survived much longer (over two times standard deviations of mean) than the rest of the mice within the same group (survival of 32 to 51 weeks in the control group and 38 to 95 weeks in the experimental fgfr1 knockout group), likely due to technical variations during virus injection. Therefore, we performed two separate sets of comparison of survival on these mice, namely, those that survived less than 32 weeks ( Figure 3A) and those that survived much longer ( Supplementary Figure 1) .
In both cases, the mice bearing fgfr1 TuKO tumors survived significantly longer. In the first set, the median survival of mice bearing fgfr1 ablated mammary tumors is 27.0 weeks, which is significantly longer than that of the control mice (20.7 weeks, P = .0029 for log-rank test and P = .0033 for Gehan-Breslow-Wilcoxon test, Figure 3A ). The tumor weights at collection are comparable between these two groups ( Figure 3B) . Similarly, the fgfr1 ablated group in the second set survived a median of 56.5 weeks, which is again significantly longer than that of the control group (median survival of 34.4 weeks, P b .05 for both statistical analyses, Supplementary Figure 1 ).
The fgfr1 TuKO and Wild-Type Tumors Exhibit Comparable Histopathology
The histopathology of the RCI-PyMT tumors is very heterogeneous among tumors and, in many cases, within the same tumor. This heterogeneity is present in both the wild-type and the fgfr1 TuKO tumors ( Figure 3C ). Carcinoma; papillary carcinoma; metaplastic carcinoma; carcinoma with squamous differentiation; and, in some cases, liposarcoma are present in both tumor groups, and there is no significant difference in tumor pathology between the two groups.
Because it has been previously documented that FGFR1 plays critical roles in driving EMT, we performed immunofluorescence staining for E-cadherin expression and cellular location on the primary tumors ( Figure 3D ). We did not observe significant changes in the E-cadherin expression pattern, indicating that loss of FGFR1 does not appear to affect EMT in these mammary tumors. Western blots further confirmed comparable protein expression levels of E-cadherin among the control and the fgfr1 TuKO tumors ( Figure 2C ).
fgfr1 Ablation Greatly Inhibits Mammary Tumor Metastasis to Lung
At the time of death, lung tissues were harvested and analyzed for histology. A random cross section of lung from each mouse was scored for numbers of metastatic lesions by a pathologist (Figure 4A ). Mammary tumor metastases were observed in the randomly selected lung tissue section from 7 out of 13 control mice (up to 27 metastases in each lung), whereas metastases were only observed in 2 out of 16 experimental mice (maximum 2 in each lung). The incidence of metastasis to lung is strongly negatively correlated with FGFR1 knockout within the tumors (P = .0196, odds ratio = 0.114, Fisher's exact test). The average of metastases per lung of the control mice is 4.77 ± 2.23, which was greatly reduced to 0.24 ± 0.16 in the experimental mice (P = .0126, Mann-Whitney test; P = .0332, unpaired Student's t test, Figure 4A ). Together, these data strongly suggest a crucial role of FGFR1 in driving mammary tumor metastasis.
FGFR1 Gene Signature Derived from RCI-PyMT Mammary Tumors Correlates with FGFR1 Gene Amplification and Expression in Human Breast Cancer
To reveal the underlying mechanisms for FGFR1-dependent mammary tumor metastasis, we performed expression microarray analysis on four representative primary mammary tumors from each group (four from control group and four from fgfr1 TuKO group). One thousand twenty-six transcript probes were differentially expressed, including 739 (408 genes) downregulated and 287 (157 genes) upregulated in the fgfr1 TuKO tumors (fold change N1.4, P b .01, Figure 4B ).
We defined this list of differentially regulated genes between the fgfr1 TuKO group and the wild-type group as the FGFR1 KO mammary tumor gene signature and investigated whether this signature is reverse correlated with FGFR1 gene amplification in human breast cancers in TCGA (n = 1005 cases). This analysis assessed the direction of expression in the human cancers relative to their induction or repression in the mouse tumors. We found that human breast cancers with FGFR1 gene amplification have significantly lower expression of this gene signature, as expected. Furthermore, this gene signature was inversely correlated with FGFR1 expression across breast cancers ( Figure 4C) , which supports the notion that this mouse mammary tumor-derived gene transcriptional program is similarly regulated by FGFR1 in human breast cancer.
Discussion
Based on the previously established RCAS-TVA gene delivery system, we designed the RCI-oncogene (RCI-PyMT used in this study)/TVA model for accurate and efficient genetic manipulation in oncogene-induced tumors in vivo [18] . By injecting the RCI-PyMT viruses into the nipple duct of the experimental K19-tva/fgfr1 loxP/loxP mice and the control K19-tva mice, we demonstrated that our new model allows accurate and efficient Cre-mediated knockout of fgfr1 within the PyMT oncogene-induced mammary tumors.
The original RCAS-PyMT/TVA mammary tumor model exhibits little metastasis to lung and is not suitable for studying mammary tumor metastasis [7] . In contrast, our RCI-PyMT/TVA model exhibits high lung metastasis, making it an ideal model for breast cancer metastasis. The basis for this difference is not clear, but the significantly prolonged mammary tumor progression, potentially due to weaker PyMT oncogene expression in our model, might allow more time for tumor metastasis.
The RCI vector is designed to allow incorporation of different oncogenes (or mini-oncogenes). Along with the use of K19-tva mice carrying different floxed genes of interest, our model system provides a rapid method to examine the biological functions of gene(s) of interest in mammary tumors driven by different oncogenes. When infecting transgenic mice expressing TVA in different tissues/organs, this model can be easily adapted to study different types of tumors.
Our current study strongly suggests a crucial role of FGFR1 signaling in driving breast tumor metastasis in addition to promoting primary tumor growth. This phenocopies our previous study on prostate-specific knockout of fgfr1 in a spontaneous prostate tumor model where we demonstrated an essential role of FGFR1 in driving prostate cancer metastasis [12] . Together, these studies indicate that targeting FGFR1 may provide a rare therapeutic opportunity to inhibit cancer metastasis. Currently, many small molecule inhibitors targeting FGFR1 are being developed and/or tested in clinical trials for various types of human cancers. There are also FDA-approved drugs including ponatinib, nintedanib, pazopanib, and regorafenib, which are all multikinase inhibitors targeting FGFR1 with low specificity [19] . It will be important to investigate whether inhibiting FGFR1 in clinical setting also inhibits the metastasis of breast cancer, prostate cancer, and/or other types of human cancers. It has been previously reported that FGFR1 gene amplification predicts poor prognosis of BCa. However, as a receptor tyrosine kinase, neither gene amplification nor FGFR1 expression directly confirms FGFR1 signaling activation. The FGFR1 gene signature generated in this study may help to more accurately evaluate FGFR1 activation status in BCa and identify patients who may be prioritized for FGFR1-targeted therapy.
Among the genes that are altered by loss of FGFR1, we have begun to identify potential candidates that might contribute to the tumor-promoting and/or metastasis-promoting activity of FGFR1 in BCa. Heparanase, which was greatly downregulated in the FGFR1 TuKO tumors (Gene Expression Omnibus GSE85754), is especially interesting. Heparanase degrades and remodels the extracellular matrix and promotes metastasis through its endoglycosidase activity. It also induces upregulation/release of growth factors such as VEGF, FGF-2, and HB-EGF for tumor-promoting activity [20] . Therefore, FGFR1 activation of heparanase may provide a direct avenue for FGFR1 promotion of cancer progression and/or metastasis. Further functional studies are needed to evaluate the significance of heparanase or other candidate genes in mediating the tumor-and/ or metastasis-promoting activity of FGFR1 in BCa.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.neo.2017.03.003.
